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Abstract 
Both Ca 2+ and adenosine 3',5'-cyclic monophosphate act as intracellular second messengers in pepsinogen secretion from chief cells. 
However, the role of intracellular guanosine 3',5'-cyclic monophosphate (cGMP) in this process has not been defined. Although dibutyryl 
cGMP (dbcGMP), a membrane-permeable derivative of cGMP, has been shown to inhibit pepsinogen secretion only stimulated by 
cholecystokinin (CCK), the intracellular mechanism of this effect remains unclear. We evaluated the role of intracellular cGMP in 
pepsinogen secretion from monolayer cultured guinea pig chief cells using dbcGMP and sodium nitroprusside, both of which increase 
intracellular cGMP. Dibutyryl cGMP and sodium nitroprusside have now been shown to inhibit pepsinogen secretion induced by not only 
CCK octapeptide but also carbamylcholine chloride and ionomycin in a dose-dependent manner. Furthermore, dbcGMP reduced the 
increase in intracellular free Ca 2+ concentration i duced by carbamylcholine chloride, CCK octapeptide, and ionomycin. These results 
suggest that intracellular cGMP may inhibit pepsinogen secretion by reducing the intracellular free Ca 2+ concentration. 
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1. Introduction 
Cyclic GMP is an important intracellular second mes- 
senger that modulates many cell functions. In vascular 
smooth muscle cells, it is now well known that agents 
which increase intracellulLar cGMP, such as SNP, atrial 
natriuretic factor, and endothelium-derived r laxing factor, 
reduce the [Ca 2÷ ]i by increasing the efflux of intracellular 
Ca ~÷ [1-3]. Intracellular cGMP has also been shown to 
induce the efflux of intracellular Ca 2+ in retinal rod cells 
[4,5], and to reduce the Ca 2+ current riggered by cAMP in 
cardiac myocytes [6,7]]. T;hese reports constantly showed a 
role of intracellular cGMP in [Ca2+] i.
Abbreviations: cAMP, adenosine 3',5'-cyclic monophosphate; carba- 
chol, carbamylcholine chloride; CCK, cholecystokinin; CCK-8, cholecys- 
tokinin octapeptide; bcGMP, dibutyryl guanosine 3',5'-cyclic monophos- 
phate; cGMP, guanosine 3',5'-cyclic monophosphate; [Ca2÷ ]i, intra- 
cellular free Ca 2+ concentration; SNP, sodium nitroprusside; TPA, 12- 
O-tetradecanoylphorbol 13-acetate. 
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Several studies have examined the role of cGMP in the 
exocrine cells. Peikin et al. [8] showed that dbcGMP, a 
membrane-permeable derivative of cGMP, inhibits amy- 
lase secretion stimulated by CCK. Because amylase secre- 
tion induced by carbachol, the Ca 2+ ionophore A23187, 
secretin, and vasoactive intestinal peptide was not blocked 
by dbcGMP, the inhibitory action of dbcGMP was as- 
sumed to be specific for CCK [8]. Pepsinogen secretion 
has also been shown to be inhibited by dbcGMP when 
stimulated by CCK, but not when stimulated by carbachol 
[9]. This specific antagonism of CCK by dbcGMP has 
been demonstrated in pancreatic acinar ceils to be resulted 
from competitive inhibition of CCK binding to the recep- 
tor due to structural similarity between CCK and dbcGMP 
[10]. Unfortunately, the effects of dbcGMP or agents which 
increase cGMP on intracellular signal transduction have 
not been investigated in chief ceils. Thus, the physiological 
role of intracellular cGMP in pepsinogen secretion still 
remains unclear [11]. 
In this study, the effects of dbcGMP and SNP were 
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examined on monolayer cultured guinea pig chief cells in 
an attempt to determine whether intracellular cGMP modu- 
lates pepsinogen secretion via regulation of [Ca 2÷ ]i. 
2. Materials and methods 
2.1. Monolayer culture of guinea pig chief cells 
Monolayer cultures of guinea pig chief cells were pre- 
pared by the method as previously reported [12]. A male 
Hartley guinea pig (body weight, 200-300 g) was anes- 
thetized with ether, and the stomach was removed. After 
stripping the mucosal ayer, the gastric mucosa was cut 
into small pieces (< 2 mm2), which were then incubated 
and shaken (160 oscillations/min) for 60 min at 37°C in a 
Ca2+-free medium [containing 24.5 mM Hepes (pH 7.4), 
98 mM NaCI, 6 mM KC1, 2.5 mM sodium phosphate, 5 
mM sodium pyruvate, 5 mM sodium fumarate, 5 mM 
sodium glutamate, 11.5 mM glucose, 2 mM glutamine, 
0.1% (w/v) bovine serum albumin (fraction V; Seikagaku 
Kogyo, Tokyo, Japan), 0.1% (w/v) trypsin inhibitor 
(Sigma, St. Louis, MO), 1% (v/v)  essential amino acid 
solution (Whittaker Bioproducts, Walkersville, MD), and 
1% (v/v)  essential vitamin mixture (Whittaker)] with 0.1% 
(w/v) collagenase (Wako Pure Chemical Industries, Os- 
aka, Japan). After passage through 200-/zm nylon mesh, 
the dispersed cells were incubated and shaken for 30 min 
at 37°C in the same medium with 2 mM EGTA (Dojin 
Laboratories, Kumamoto, Japan). After passage through 
80-/~m nylon mesh, the cell suspension was centrifuged in
Percoli solution (density, 1.129 g/ml) (Pharmacia LKB, 
Uppsala, Sweden) at 30000 X g for 20 min. The chief 
cell-enriched fraction was collected by aspiration and sus- 
pended in culture medium comprising a 1:1 mixture of 
Ham's F-12 medium and DMEM (Gibco, Grand Island, 
NY) supplemented with 10% (v/v)  fetal bovine serum 
(Whittaker), gentamicin (100 /zg/ml) (Gibco), insulin (8 
/xg/ml) (Wako), and hydrocortisone (1 /zg/ml) (Wako). 
The chief cell suspension was then transferred into 12-well 
plates (2 X 106 cells/well) coated with collagen type I 
(Sumitomo Bakelite, Akita, Japan), and cultured under 5% 
CO 2 in air at 37°C for 70 h (CO 2 incubator 6300; Napco 
Scientific, Tualatin, OR). 
2.2. Pepsinogen secretion studies 
The cell monolayers were washed three times with 
culture medium to remove floating cells before drug ad- 
ministration, and were then incubated under 5% CO z in air 
at 37°C for the appropriate time. After incubation, the 
culture medium was sampled and the pepsinogen secreted 
into it was measured by an enzyme immunoassay specific 
for guinea pig pepsinogen as previously reported [12]. 
After the sampling, the chief cells were removed from the 
plate by exposure to 0.04% trypsin (v/v)  and 0.02% 
(w/v) EGTA, and counted. Pepsinogen secretion was 
expressed as micrograms of pepsinogen per 5 X 10 5 cells. 
Cell viability was determined by exclusion of Trypan blue. 
In preliminary dose-response tudies, appropriate doses 
of carbachol (Sigma) and CCK-8 (sulfated form; Peptide 
Institute, Osaka, Japan), both of which stimulate the Ca 2÷ 
second messenger pathway; the Ca 2÷ ionophore iono- 
mycin (Calbiochem, La Jolla, CA), a protein kinase C 
stimulator, TPA (Sigma), and forskolin (Wako), which 
activates the cAMP second messenger pathway, were de- 
termined. Carbachol (n = 6), CCK-8 (n = 6), ionomycin 
(n = 6), TPA (n = 6), and forskolin (n = 6) significantly 
increased the secretion of pepsinogen at concentrations of 
10 5 M to 10 -3 M, 10 -6 M to 2 X 10 -5 M, 10 -6 M to 
2 X 10 -5 M, 10 -8 M to 10 -7 M, and 10 -s M to 10 4 M, 
respectively (data not shown). Concentrations that maxi- 
mally stimulate pepsinogen secretion (10 3 M for carba- 
chol, 2x  10 -s M forCCK-8, and 2X10 5 M foriono- 
mycin) and submaximally stimulate that (10 -8 M for TPA 
and 10 -s M for forskolin) were used in the following 
studies. Time course studies were performed to confirm 
the effects of these doses and to determine the appropriate 
incubation times. Because significant and submaximal in- 
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Fig, 1. Effect of dbcGMP on pepsinogen secretion stimulated by carba- 
chol (A), CCK-8 (B), and ionomycin (C). Cells were preincubated with 
dbcGMP for 30 min before incubation with 10 -3 M carbachol, 2X 10 -5 
M CCK-8, or 2X 10 "~ M ionomycin for 30 min (solid bars). Basal 
secretion is shown by open bars. Values are means+S.E. (n=6) ;  
* P < 0.05, * * P < 0.01 vs. cells incubated with respective secretagogue 
but preincubated in the absence of dbcGMP. 
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Fig. 2. Effect of dbcGMP on pepsinogen secretion stimulated by TPA (A) 
and forskolin (B). Cells were preincubated with dbcGMP for 30 min 
before incubation with 10 -8 M TPA or 10 -5 M forskolin for 30 min 
(solid bars). Basal secretion is shown by open bars. Values are means + 
S.E. (n = 6). 
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Fig. 3. Effect of SNP on pepsinogen secretion stimulated by carbachol 
(A), CCK-8 (B), and ionomycin (C). Cells were preincubated with SNP 
for 30 min before incubation with 10 -3 M carbachol (n = 5), 2× 10 -5 
M CCK-8 (n = 5), or 2× 10 -5 M ionomycin (n = 6) for 30 min (solid 
bars). Basal secretion is shown by open bars. Values are means-I-S.E.; 
* P < 0.05, * * P < 0.01 vs. cells incubated with respective secretagogue 
but preincubated in the absence of SNP. 
creases in pepsinogen secretion were observed for all 
drugs 30 min after stimulation (data not shown), cells were 
subsequently incubated with each secretagogue for 30 min. 
The effects of dbcGMP (Sigma) or SNP (Sigma), which 
were preincubated for 30 min, on pepsinogen secretion 
induced by the secretagogues were determined. 
2.3. Determination of lCa 2 + ]i 
For determination of [Ca 2+ ]i, chief cells were cultured 
for 48 h on a collagen type I-coated coverslip with a 
silicon rubber wall (Flexiperm-Disc; Heraeus Biotech- 
nology, Hanau, Germany), after which, the culture medium 
was replaced with a solution containing 130 mM NaCI, 5.4 
mM KCI, 1.8 mM CaCI 2, 0.8 mM MgCI:, 5.5 mM 
glucose, and 20 mM Hepes (pH 7.4). The cells were then 
loaded with 5 /zM fura-2 acetoxymethylester (Dojin Labo- 
ratories, Kumamoto, Japan) in this solution for 60 min 
under 5% CO 2 in air at 37°C. The coverslip was mounted 
on an inverted epifluorescence microscope (model IMT-2; 
Olympus, Tokyo, Japan), with a xenon lamp and interfer- 
ence filters of 340 and 360 nm. Ten chief cells were 
chosen at random from the coverslip, and then illuminated 
by excitation beams of 340 and 360 nm alternately (FC-200 
type  Ca  2+ analyzer; Mitsubishi, Tokyo, Japan). Ratios of 
emitted fluorescence (fluorescence intensity under 340 nm 
divided by that under 360 nm) give the absolute [Ca2+] i 
after calibration. The solution used in this study less 
affects the determination of [Ca2+] i than the culture 
medium because it has less fluorescent substances than 
that. This system was reported to be capable of monitoring 
the changes of [Ca2+]i in single cells [13-15]. 
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Fig. 4. Effect of SNP on pepsinogen secretion stimulated by TPA (A) and 
forskolin (B). Cells were preincubated with dbcGMP for 30 min before 
incubation with 10 -8 M TPA (n = 6) or 10 -5 M forskolin (n = 5) for 30 
rain (solid bars). Basal secretion is shown by open bars. Values are 
means + S.E. 
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Fig. 5. Effect of dbcGMP on the increase in [Ca 2+ ]i induced by 
carbachol (A), CCK-8 (B), and ionomycin (C). Cells were incubated in 
the absence or presence of 10 -3 M dbcGMP for within 2 min before 
exposure to 10 -3 M carbachol, 2X10 -5 M CCK-8, or 2x10  -5 M 
ionomycin. Values are means + S.E. from 10 cells. 
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Fig. 6. Typical changes in [Ca 2+ ]i induced by carbachol (A), CCK-8 (B), 
and ionomycin (C). 
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The effects of dbcGMP on the increase in [Ca2+]i 
induced by carbachol, CCK-8, and ionomycin were deter- 
mined for 6 min in single chief cells. 
2.4. Statistical analysis 
Unless otherwise indicated, results are expressed as 
means ___ S.E. Multiple comparisons of data from pepsino- 
gen secretion studies were performed with the Duncan test. 
Single comparisons of data from [Ca2+] i studies were 
performed with the Student t-test. Probability (P)  values 
of < 0.05 were considered significant. 
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3. Results 
3.1. Effect of dbcGMP on pepsinogen secretion induced by 
secretagogues 
Dibutyryl cGMP (10 -4  to 10 -2 M) inhibited in a 
dose-dependent manner pepsinogen secretion even stimu- 
lated by maximal doses of carbachol (10 -3 M), CCK-8 
(2 X 10 -5 M), and ionomycin (2 X 10 -5 M) (Fig. 1). 
However, the same doses of dbcGMP did not affect 
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Fig. 7. Typical effects of dbcGMP on the increase in [Ca 2+ ]i induced by 
carbachol (A), CCK-8 (B), and ionomycin (C). 
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pepsinogen secretion induced by a submaximal dose of 
TPA (10 -8 M) or forskolin (10 -5 M) (Fig. 2). 
3.2. Effect of SNP on pepsinogen secretion induced by 
secretagogues 
SNP (10 -5 to 10 -3 l~'J[) also inhibited in a dose-depen- 
dent manner pepsinogen secretion even stimulated by max- 
imal doses of carbachol (10 -3 M), CCK-8 (2 x 10 -5 M), 
and ionomycin (2 × 10 -5 M) (Fig. 3); however, the same 
doses of SNP did not affect pepsinogen secretion induced 
by a submaximal dose of TPA (10 -8 M) or forskolin 
(10 -5 M) (Fig. 4). 
these of other single cells; for example, neural cells [15]. 
Pretreatment with 10 -3 M dbcGMP, which submaximally 
inhibited pepsinogen secretion stimulated by secretagogues 
that increased [Ca2+]i, significantly inhibited the initial 
increase in [Ca2+]i induced by all secretagogues, even 
when dbcGMP was preincubated only for within 2 min 
(Fig. 5); representative [Ca 2+ ]i traces are shown in Fig. 7. 
Dibutyryl cGMP (10-2 M), when applied in the sustained 
phase of the increase in [Ca 2 + ]i induced by same doses of 
carbachol, CCK-8, and ionomycin, also reduced the magni- 
tude of the [Ca2+]i rise (Fig. 8). 
3.4. Cell viability 
3.3. Effect of dbcGMP on the increase in [Ca e + ]i induced 
by carbachol, CCK-8, and ionomycin 
The [Ca2+]i was remarkably increased by 10 -3 M 
carbachol, 2 × 10 -5 M CCK-8, and 2 × 10 -5 M iono- 
mycin (Fig. 5), all of which maximally stimulated pepsino- 
gen secretion. The solid bars in Fig. 5 were expressed as 
average percentages of tile increase in [Ca2+]i (maximum 
value of the [Ca 2÷ ]i per basal value of that) from 10 chief 
cells. Typical changes in [Ca2+]i induced by carbachol, 
CCK-8, and ionomycin are shown in Fig. 6. The changes 
in [Ca2+]i of single chief cells appeared to be similar to 
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Fig. 8. Representative traces slhowing the effects of subsequent addition 
of dbcGMP on the increase in [Ca 2+ ]i induced by carbachol (A) CCK-8 
(B), and ionomycin (C). 
Cell viability determined by Trypan blue exclusion after 
pepsinogen secretion studies without exposure to drugs 
was 95.9 + 2.5% (mean + S.D.) for 134 separate wells. 
Cell damage (corresponding to a cell viability 2 S.D. 
below that of untreated cells), was not detected in any of 
all the experiments described (data not shown). 
4. Discussion 
The intracellular signal transduction system that regu- 
lates pepsinogen secretion in gastric chief cells is thought 
to consist of a Ca 2+ and a cAMP second messenger 
pathway [11,16-18]. CCK and CCK analogs activate the 
Ca 2+ messenger pathway [17,19,20]. Thus, interaction of 
CCK with chief cell receptors results in the activation of 
phospholipase C, which catalyzes the hydrolysis of phos- 
phatidylinositol 4,5-bisphosphate, hereby generating inosi- 
tol 1,4,5-trisphosphate nd diacylglycerol. Inositol trispho- 
sphate stimulates release of Ca 2-- from intracellular stores, 
thereby increasing [Ca2+] i [11]. Carbachol and gastrin-I 
and -II also activate the same pathway [11]. 
Kasbekar et al. [9] showed that dbcGMP inhibited the 
stimulation of pepsinogen secretion by CCK in dispersed 
gastric glands of the rabbit. This inhibitory effect appeared 
to be specific because dbcGMP did not inhibit secretion 
induced by carbachol. The authors implied that this spe- 
cific inhibition may be attributable to competitive antago- 
nism of the CCK receptor, which was observed with 
regard to amylase secretion from pancreatic acinar cells 
[8,10]. However, the effects of this membrane-permeable 
cGMP analog, which may move into the cells, on intra- 
cellular messenger pathways in chief cells have not been 
previously elucidated. 
Significant insight into intracellular cGMP function, 
especially in vascular smooth muscle cells [1-3], has been 
achieved over the last several years. Thus, an increase in 
intracellular cGMP concentration has been shown to result 
in a decrease in [Ca2+]i in many cell types, including 
vascular smooth muscle cells, cardiac myocytes [6,7], and 
gastric muscle cells [21]. Because intracellular second 
messengers usually act in a similar manner in different 
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types of cells, we hypothesized that intracellular cGMP 
may modulate [Ca 2+ ]i in chief cells. We thus reevaluated 
the effects of dbcGMP and SNP, both of which increase 
intracellular cGMP, on pepsinogen secretion with the use 
of monolayer cultures of guinea pig chief cells which 
provided a homogeneous cell system, and an enzyme 
immunoassay for guinea pig pepsinogen which provided 
specific quantification [ 12]. 
Pretreatment of chief cells with either dbcGMP or SNP 
resulted in a dose-dependent i hibition of pepsinogen se- 
cretion even stimulated by maximal doses of carbachol, 
CCK-8, and ionomycin, all of which activate the Ca 2+ 
messenger pathway by increasing [Ca2+]i . However, nei- 
ther dbcGMP nor SNP affected secretion induced by a 
submaximal dose of TPA or forskolin, which do not alter 
[Ca2+]i [12]. Because SNP, which stimulates cytosolic 
guanylate cyclase, has been shown to increase intracellular 
cGMP in chief cells at the doses used in this study 
(> 10 -s M) [22], these results suggested that an increase 
in intracellular cGMP may inhibit pepsinogen secretion by 
blocking an increase in [Ca 2+ ]i. We directly confirmed this 
suggestion by measuring [Ca 2+ ]i in chief cells. Carbachol, 
CCK-8, and ionomycin remarkably increased the [Ca2+] i 
in monolayer cultured chief cells, and the initial increases 
in [Ca 2+ ]i were significantly reduced by pretreatment with 
dbcGMP. Furthermore, dbcGMP, when applied in the 
sustained phase of the increase in [Ca2+] i induced by 
carbachol, CCK-8, and ionomycin, reduced the magnitude 
of the [Ca2+] i rise. Because the initial and sustained 
increases in [Ca2+] i induced by carbachol and CCK-8 
depend on the release of Ca 2+ from intracellular stores and 
the entry of Ca 2 + from the extracellular space, respectively 
[23], intracellular cGMP thus appeared to inhibit the in- 
crease in [Ca 2+ ]i irrespectively of the source of Ca 2+. 
In contrast o the results of Kasbekar et al. [9], we 
showed that dbcGMP inhibited pepsinogen secretion in- 
duced not only by CCK-8 but also by carbachol and 
ionomycin. The reasons for this discrepancy are not clear, 
but they may relate to the difference in animal species, the 
preparation of chief cells, or the quantification of pepsino- 
gen. 
In summary, we have suggested that an increase in 
intracellular cGMP induced by dbcGMP or SNP may 
inhibit pepsinogen secretion by reducing [Ca2+]i . These 
results seem to be consistent with the mechanism of 
intracellular cGMP action suggested by studies with other 
cell types; that is, the activation of physiological Ca 2+ 
pumps in the cell membrane or the endoplasmic reticulum 
[3,7]. 
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